Peroxisomes are essential organelles that may be involved in various functions, dependent on organism, cell type, developmental stage of the cell, and the environment. Until recently, peroxisomes were viewed as a class of static organelles that developed by growth and fission from pre-existing organelles. Recent observations have challenged this view by providing evidence that peroxisomes may be part of the endomembrane system and constitute a highly dynamic population of organelles that arises and is removed upon environmental demands. Additionally, evidence is now accumulating that peroxisomes may arise by alternative methods. This review summarizes relevant recent data on this subject. In addition, the progress in the understanding of the principles of the peroxisomal matrix protein import machinery is discussed.
INTRODUCTION
Microbodies (peroxisomes, glyoxysomes, and glycosomes) are morphologically simple organelles. They consist of a single membrane that encloses a proteinaceous matrix and measure up to 1 m in diameter. Despite their simple morphology, the functional diversity of these organelles is unprecedented and varies with the organism in which they occur. Thus, microbodies may be involved in such distinct functions as carbon catabolism in fungi, biosynthetic processes (e.g., synthesis of amino acids and penicillin in fungi, and of cholesterol in man), photorespiration in plants, or glycolysis in Trypanosomes (Borst, 1989; Van den Bosch et al., 1992; Veenhuis and Harder, 1988) . Although many of the players that are involved in peroxisome biogenesis have now been identified, our understanding of the molecular principles of assembly and function of the organelle is still limited. So far, the data lend support to the view that the strategies that the cell uses to mediate peroxisome development may, at least in part, differ between various organisms. Here, we will highlight recent observations on fungal peroxisomes and discuss the current working models on the biogenesis of these intriguing organelles.
PEROXISOME PROLIFERATION
A characteristic feature of yeast peroxisomes is that they are inducible. The organelles rapidly develop during adaptation of cells to a new environment that requires one or more peroxisomal enzymes for growth. Growth substrates known to induce peroxisomes in various yeasts include alkanes, oleic acid, methanol, D-amino acids, purines, and primary amines (reviewed by Veenhuis and Harder, 1988) . Remarkably, the number and volume fraction of peroxisomes is not prescribed by the amount of protein that is accommodated but, instead, appears to be predominantly determined by the growth conditions, i.e., the choice of the substrate, the growth rate, and the oxygen concentration (Veenhuis and Harder, 1988) . Overproduction of specific matrix proteins in WT cells made it clear that the maximal protein storage capacity of peroxisomes is normally not used (Distel et al., 1988; Godecke et al., 1989) . Even in cells that contain identical sets of peroxisomal matrix proteins, the size and number of the organelles may strongly differ. This was elegantly demonstrated in glucose-limited continuous cultures of Hansenula polymorpha. When grown at high dilution rates, H. polymorpha cells generally contained a single large peroxisome that harbored the enzymes alcohol oxidase (AO), dihydroxyacetone synthase (DHAS), and catalase (CAT). At low dilution rates, however, several smaller organelles were present of identical protein composition (Fig. 1) . Also, in H. polymorpha Pim mutants, in which a major portion of the peroxisomal matrix proteins resides in the cytosol, small peroxisomes were present at numbers equal or even exceeding those of WT cells (Waterham et al., 1992b) . Taken together, these data leave little doubt that it is not the matrix protein levels but rather the environmental conditions that prescribe the ultimate number and size of peroxisomes, and, thus, control the multiplication of the organelle. So far, the highest peroxisome induction rates have been encountered in methylotrophic yeast species (e.g., Candida boidinii, Hansenula polymorpha, Pichia pastoris). When H. polymorpha is grown in methanol-limited chemostat cultures at low dilution rates, up to 80% of the total cytoplasmic volume of the cells may be occupied by peroxisomes (Fig. 2) . Remarkably, these organelles display a crystalline substructure due to the crystallization of AO protein (Veenhuis et al., 1978) .
Kinetics experiments, using H. polymorpha cells, revealed an unexpected characteristic of their peroxisomes, namely that these organelles are only temporally matrix protein import-competent. Small peroxisomes grow because of the incorporation of proteins and lipids. At a certain size, determined by the growth conditions (see below), growth ceases and one, or infrequently few, new organelles are formed by fission from the mature one, which in turn start to grow during prolonged cultivation (Fig. 3A,B) . Apparently, these small organelles have "inherited" the capacity to grow from the mature parent, leaving this organelle as an "enzyme bag" that is no longer capable of protein uptake but remains physiologically active Waterham et al., 1992a) . The mechanisms that control peroxisome maturation and proliferation are largely unknown. However, studies on the function of the peroxisomal membrane protein Pex11p indicate that this protein might play a role in organelle multiplication. Overexpression of Pex11p results in proliferation of peroxisomes while its absence results in the formation of giant peroxisomes, causing problems to distribute peroxisomes over mother and daughter cells during cell division (Erdmann and Blobel, 1995; Marshall et al., 1995) . Indeed, the group of Goodman showed that Pex11p induction in vivo resulted in fragmentation of large peroxisomes into smaller organelles (Marshall et al., 1996) . The authors suggested that the oligomeric state of Pex11p could play a role in peroxisome maturation as the protein was found as monomer in small, newly formed organelles and as dimer in mature ones. Recently, however, a direct role for Pex11p in ␤-oxidation in Saccharomyces cerevisiae was proposed. Van Roermund and coworkers (2000) concluded that Pex11p is required to transport medium chain fatty acids into peroxisomes. In their view, its effect on peroxisome proliferation is only indirect resulting from an increased ␤-oxidation. Although such a scenario may explain the results obtained in S. cerevisiae, the proliferation effect upon Pex11p overproduction observed in, e.g., Trypanosomes that mainly play a role in glycolysis (Lorenz et al., 1998) , cannot be reconciled with an exclusive role for Pex11p in fatty acid transport. Clearly, more research is required to unravel the mechanisms controlling peroxisome maturation/proliferation. Peroxisomes that have become redundant for growth, i.e., upon a shift of cells from peroxisome inducing (e.g., methanol) to peroxisome-repressing (e.g., glucose) conditions, are degraded by a selective process designated pexophagy (reviewed by Bellu and Kiel, 2003; see this issue) . Studies in H. polymorpha have suggested that in particular mature organelles be degraded leaving the small, import-competent ones unaffected. Recently, we showed that a protein involved in the biogenesis of peroxisomes, the peroxin Pex14p, is also involved in pexophagy and may act as a molecular switch that discriminates between the import competence and incompetence of individual organelles (Bellu et al., 2001) . The physiological advantage of this mechanism is immediately clear because it allows the cells to rapidly adapt to new growth environments that may require one or more new peroxisomal functions. Taken together, these data stress the flexibility of peroxisomes; their number, function, and volume fraction is rapidly adapted to prevailing environmental conditions.
PEROXISOME BIOGENESIS Genes Involved in Peroxisome Biogenesis
Molecular approaches to identify proteins essential for peroxisome biogenesis (peroxins) became feasible in the early 1990s when viable yeast mutants were isolated that were defective in peroxisome development and function (collectively called pex mutants; see Distel et al. (1996) for the unified nomenclature). Yeast pex mutants have lost the capacity to grow on carbon sources (e.g., fatty acids, methanol)-but not nitrogen sources (e.g., primary amines)-that are metabolized by peroxisomal enzymes. Corresponding genes were cloned by functional complementation of these mutants, using genomic or cDNA libraries. At present, 23 different PEX genes from various yeasts are now identified (H. polymorpha, S. cerevisiae, P. pastoris, and Yarrowia lipolytica; (reviewed by Subramani, 1998 ; for a recent listing see http://www.peroxisome. org/). Most PEX gene products (termed peroxins) that have been identified so far are thought to play a role in matrix protein import and are discussed below.
Matrix Protein Import Signals
Peroxisomal matrix proteins are encoded by nuclear genes and are synthesized in the cytosol on free ribosomes (Lazarow and Fujiki, 1985) . So far, two peroxisomal targeting signals have been characterized that mediate sorting of the protein to peroxisomes (De Hoop and AB, 1992; Rachubinski and Subramani, 1995; Subramani, 1998) . Most proteins contain a PTS1 signal, a tripeptide that is located at the extreme C-terminus of matrix proteins. The PTS1 consensus sequence is -SKL.COOH, but various (conserved) variants of this motif are allowed (Gould et al., 1989; Lametschwandtner et al., 1998) . The PTS2 is located at the N-terminus and consists of the consensus (Swinkels et al., 1991) . Most likely other, possibly internal, signals also exist for a subset of specific proteins, e.g., malate synthase and acyl CoA synthase (Bruinenberg et al. 1990; Karpichev and Small, 2000; Kragler et al., 1993; Small et al., 1988) . However, the exact amino acid sequences comprising these signals have yet to be identified. Fig. 3 . A: Detail of a cell, to demonstrate the temporally matrix protein import competence of mature peroxisomes. Cells were pregrown on methanol/ammonium sulfate, and subsequently switched to a new growth environment containing methylamine as the sole nitrogen source, to induce peroxisomal amine oxidase, key enzyme of amine metabolism. Two hours after the shift, the cells were analyzed for the localization of amine oxidase activity (CeCl 3 ϩ metylamine). As evident in the micrograph, only the two small organelles (arrows) display enzyme activity while staining is absent in the large mature organelles (glutaraldehyde/OsO 4 ). B: Hypothetical model to explain the temporary matrix protein import capacity of H. polymorpha peroxisomes. This model predicts that peroxisomes grow by the uptake of proteins and lipids. Matrix protein import is facilitated by distinct protein complexes on the peroxisomal membrane that are donated to small organelles that bud off from this organelle upon its maturation. This way, the mature organelle has lost the capacity to incorporate matrix protein and now serves as an enzyme bag to fulfill specific metabolic functions prescribed by the growth environment. [Color figure can be viewed in the online issue, which is available at www. interscience.wiley.com.] PTS1 Protein Import: 1. Receptor Binding to Matrix Proteins The initial data on the location of the PTS1-receptor, Pex5p, in different organisms were conflicting and varied with the organisms and/or the experimental approaches used. The reported locations varied from exclusively associated with the peroxisomal membrane, solely in the cytosol or the peroxisomal matrix to a dual location in both the cytosol and the organellar matrix (Dodt et al., 1995; Elgersma et al., 1996a; Gould et al., 1996; Szilard et al., 1995; Terlecky et al., 1995; Van der Klei et al., 1995; Wiemer et al., 1995) . This has led to different models for the mechanisms of PTS1 protein import. The current view held by most researchers, except for Y. lipolytica (Szilard et al. 1995) , is that the bulk of Pex5p is present in the cytosol in conjunction with a minor portion that is associated with peroxisomes, bound to the peroxisomal membrane or present in the organellar matrix (Dodt and Gould, 1996; Subramani, 1998) .
In H. polymorpha, Pex5p is localized in the cytosol and in the peroxisomal matrix; the putative membrane-bound portion of the protein is invariably below the limit of detection (Van der Klei et al., 1995 Klei et al., , 1998 . These observations have led to our current model that predicts that H. polymorpha Pex5p functions as a cycling receptor between the cytosol and the peroxisomal matrix (Van der Fig. 4 ). This would implicate that a protein export mechanism must exist for peroxisomes. Very recently, results have been presented by Subramani and co-workers that prove this "extended shuttle" mechanism for PTS1 protein import in human peroxisomes (Dammai and Subramani, 2001 ).
The function of Pex5p in PTS1 import has been studied in detail. Several authors have shown that the tetratricopeptide repeats (TPR), localized in the C-terminal two-thirds of Pex5p, bind the PTS1 (Brocard et al., 1994; Fransen et al., 1995; Szilard and Rachubinski, 2000; Terlecky et al., 1995) . In detail, insight in how the PTS1 signal of a matrix protein can bind the TPR domains came from the 3-dimensional structure of the C-terminus of human Pex5p (Gatto et al., 2000) as well as from mutational analysis of S. cerevisiae Pex5p (Klein et al., 2001) . Furthermore, Lametschwandtner et al. (1998) showed that additional targeting information could be present in the residues preceding the PTS1 in matrix proteins, which most probably modulate the strength of the interaction of the cargo protein with Pex5p.
PTS1 Protein Import: 2. Receptor-Cargo Docking to the Peroxisomal Membrane
Upon binding a PTS1, the receptor-cargo complex interacts at a putative docking site on the peroxisomal membrane en route to the peroxisomal matrix. This model requires that the affinity of Pex5p for the docking site increases upon binding of a PTS1 in order to prevent competition for the docking site between soluble and cargo-bound Pex5p. Indeed, overexpression of PEX5 in H. polymorpha cells does not interfere with PTS1 protein import (van der Klei et al. 1995) . Peroxins that are believed to participate in Pex5p/cargo docking include Pex13p, which contains a Src homology 3 (SH3) domain (Barnett et al. 2000; Elgersma et al., 1996a; Erdmann and Blobel, 1996; Gould et al., 1996) , the coiled-coil protein Pex14p (Albertini et al., 1997; Brocard et al., 1997; Komori et al., 1997) and Pex17p (Huhse et al., 1998) . Pex5p has been shown to directly interact with Pex13p (Urquhart et al., 2000) and Pex14p (Schliebs et al., 1999) . Next to this, two hybrid analysis revealed that Pex14p interacts also with Pex13p and Pex17p (for reviews see Erdmann et al., 1997; Subramani, 1998) . In the N-terminus of human Pex5p, a pentapeptide repeat motif
) that is conserved in other Pex5p's was found to bind to the N-terminus of human Pex14p (Schliebs et al., 1999) . Also in its N-terminus, Pex14p contains a classical SH3 binding motif, PxxP, to which the SH3 domain of Pex13p binds. Although Pex5p does not contain such a PxxP motif, it has an alpha helical element in its N-terminus that interacts with the SH3 domain of Pex13p in an unconventional, non-PxxPrelated manner (Barnett et al., 2000) .
How Pex17p binds Pex14p had not been established yet. S. cerevisiae Pex17p is a peroxisomal membrane protein that is involved in matrix protein import (Huhse et al., 1998) . Surprisingly, a P. pastoris pex17 mutant also partly mislocalizes peroxisomal membrane proteins. Furthermore, P. pastoris Pex17p has been shown not only to interact with Pex14p, but also with Pex19p, a peroxin that is important for the insertion of peroxisomal membrane proteins, possibly as a receptor for the peroxisomal targeting signal of membrane pro- Fig. 4 . Schematic representation of the extended shuttle model for PTS1 matrix protein import in H. polymorpha. Precurser PTS1 proteins, synthesized in the cytosol, bind to the PTS1 receptor (Pex5p) and are transported to a peroxisomal docking site, consisting of Pex13p, Pex14p, and Pex17p. A complex of two ring finger proteins (Pex10p, Pex12p) that also may contain Pex2p may mediate translocation of the Pex5p.cargo complex. After translocation, dissociation of the Pex5p.cargo complex takes place, possibly mediated by Pex8p. Recycling of Pex5p to the cytosol requires the function of at least Pex4p. Whether the import and export of Pex5p proceeds via the same gate, which in that case is composed of a large protein complex, or requires different pores, is totally unknown. [Color figure can be viewed in the online issue, which is available at www.interscience. wiley.com.] teins (mPTS). Hence, Pex17p may be a component of different subcomplexes of peroxins that are involved in both matrix protein import as well as biogenesis of the peroxisomal membrane .
Although the two-hybrid approach identified the putative docking proteins for the PTS1 receptor, Pex5p was also shown to bind to peroxins in an indirect way that depended on the function of Pex14p (Girzalsky et al., 1999; Huhse et al., 1998) . Therefore, two-hybrid results have to be treated with care and additional biochemical/biophysical experiments are needed to investigate the nature and properties of the binding between the various peroxins and possible other protein components. A first example of a biophysical study is the research of Schliebs and co-workers (1999) , who analyzed the interaction of the N-terminal fragment of human Pex14p with human Pex5p by surface plasmon resonance spectroscopy. Recent studies of the same group, which also included fluorescence spectroscopic analyses, revealed that the conserved pentapeptide repeats in the N-terminus of Pex5p bind with very high affinity (dissociation constant in the low nanomolar range) to the N-terminus of Pex14p (Saidowsky et al., 2001) . Surprisingly, this observation is not in line with the finding that in most organisms studied so far only minor amounts of Pex5p are bound to the peroxisomal membrane. Apparently, additional components (e.g., peroxins, PTS1 cargo proteins), other domains of Pex14p or the recently reported phosphorylation of Pex14p (Johnson et al., 2001; Komori et al., 1999 ) may influence the Pex5p-Pex14p binding event. Schliebs et al. (1999) furthermore showed that one Pex5p molecule contains 5-7 binding sites for the N-terminal Pex14p fragment. Probably, these binding sites are used one after the other molecule, resulting in a cascade of binding and release during the PTS1 protein import process.
It must be noted that the N-terminus of human Pex14p is protected from externally added protease, suggesting that it is in the peroxisome matrix . This makes an exclusive role for the Nterminus of Pex14p in docking of the Pex5p/cargo complex unlikely. In view of the recent data of Dammai and Subramani (2001) on the recycling of the PTS1 receptor via the peroxisomal lumen, we must face the possibility that Pex14p may also be involved in Pex5p export.
Although it is now generally accepted that Pex14p plays a crucial role in peroxisomal matrix protein import, H. polymorpha Pex14p is not essential for this process. We demonstrated that the strong PTS1 protein import defect in an H. polymorpha PEX14 null mutant can be largely restored by overproduction of Pex5p (Salomons et al., 2000) . Under these conditions, a major amount of Pex5p accumulated at the outer surface of the peroxisomal membrane, a phenomenon that is never observed in H. polymorpha WT cells, not even when Pex5p is overproduced (Van der Klei et al., 1995 Klei et al., , 1998 . These data suggest that Pex14p is not essential for the initial Pex5p docking. Salomons et al. (2000) argued on the basis of these results that Pex14p might be important for the efficiency of the PTS1 protein import process. However, it must be noted that the suppression of the pex14 phenotype by Pex5p overproduction only rescued import of AO and DHAS. Import of CAT, eGFP-SKL, eGFP-SKI, eGFP-LARF, and malate synthase, which also requires Pex5p, was not restored. On the basis of this differential import phenomenon, Kiel and Veenhuis (2000) concluded that apparently some PTS1 proteins are completely dependent on Pex14p whist others do not require the function of Pex14p to get imported under conditions that sufficient Pex5p is available.
Compared to Pex14p, the interaction of Pex5p with Pex13p seems to be weaker. Using in vitro overlay binding assays, Fransen et al. (1998) were unable to detect direct physical interaction between full-length human Pex5p and Pex13p molecules. However, using a similar technique, P. pastoris Pex5p was shown to bind a fragment consisting of the SH3 domain of P. pastoris Pex13p (Urquhart et al., 2000) . The amount of Pex5p bound to the Pex13p fragment was 20 -40 times lower compared to that bound to Pex14p under similar conditions (Urquhart et al., 2000) . At first sight, one could conclude that the yeast and human systems differ in the interactions between components of the putative docking site. However, in the experiments by Fransen et al. (1998) , the interaction between Pex5p and Pex13p may have been below the level of detection. Alternatively, binding of Pex5p to Pex13p is prevented or reduced when full-length Pex13p is used. This assumption is substantiated by Urquhart et al. (2000) , who showed that Pex5p efficiently bound to a fragment containing only the SH3 domain, whereas the interaction was weakened when larger Pex13p fragments were used. On the basis of their data, Urquhart et al. (2000) suggested an alternative role for Pex13p in a later stage of the process that occurs after docking. Based on these Pex5p binding properties, Pex14p seems to be the most likely candidate for recruiting Pex5p at the peroxisomal membrane (Schliebs et al., 1999; Urquhart et al., 2000) . However, our recent findings in H. polymorpha (Salomons et al., 2000) , which suggest that Pex14p is dispensable for Pex5p docking, are inconsistent with this role for Pex14p. Future studies should, therefore, also include the possibility that peroxins that are proposed to be involved in initial Pex5p docking may also function in Pex5p export. These studies should also resolve whether the import site has a dual function and may possibly mediate export as observed for the ER (Plemper and Wolf, 1999) .
PTS1 Protein Import: 3. Import Into the
Organelle/Release of the Cargo How matrix proteins actually enter peroxisomes or pre-peroxisomal structures, as described for Y. lipolytica (see below), is yet totally unclear. Pex5p has been shown to interact also with the peroxisomal membrane protein Pex12p (Chang et al., 1999; Okumoto et al., 2000) and the matrix protein Pex8p (Rehling et al., 2000) . Several authors have proposed that the zincbinding (RING finger) proteins, Pex10p and Pex12p, eventually together with the third zinc-finger protein Pex2p, may function in the translocation process (Chang et al., 1999, reviewed in Holroyd and Erdmann, 2001) . Indeed, Pex12p interacts with Pex10p via their C-terminal zinc binding domains. Furthermore, recently Albertini and coworkers (2001) demonstrated that a RING finger complex is associated with the docking complex. That Pex5p ultimately reaches the interior of the peroxisome has become clear from the elegant studies of Dammai and Subramani (2001) .
Pex8p is a remarkable protein; it is the only peroxin that is found in the peroxisomal lumen and it is still unclear why the absence of Pex8p is associated with a pex phenotype. H. polymorpha Pex8p contains both putative PTS1 and PTS2 signals but both sequences are not required to mediate proper sorting of the protein to the peroxisomal lumen (Waterham et al., 1994; Waterham and Veenhuis, unpublished results) . In other species the proteins only contains a PTS1 (Liu et al., 1995; Rehling et al., 2000) or no PTS at all (Smith et al., 1997) . Also in baker's yeast the PTS1 was dispensable for its function in matrix protein import. In addition, S. cerevisiae Pex8p lacking its PTS1 interacted with the N-terminus of Pex5p (Rehling et al., 2000) . These data suggest that Pex8p functions at an intra-organellar stage of the PTS1 protein import cascade. In view of the extended shuttle model, one of the possible options is that Pex8p functions in the release of the cargo protein from the PTS1 receptor (compare Fig. 4 ).
PTS1 Protein Import: 4.
Recycling of Pex5p to the Cytosol A peroxin that is proposed to be involved in a late stage of Pex5p-dependent protein import is the ubiquitin-conjugating enzyme Pex4p (Crane et al., 1994; Van der Klei et al., 1998; Wiebel and Kunau, 1992) . Pex4p faces the cytosol and is associated with the peroxisomal membrane by binding to the integral peroxisomal membrane protein Pex22p . H. polymorpha pex4 mutants are not completely blocked in PTS1 protein import (Collins et al., 2000; van der Klei et al., 1998) . Comparable to H. polymorpha pex14, overproduction of Pex5p also suppressed the PTS1 import defect in H. polymorpha pex4 cells (Fig. 5) . Again a differential import of PTS1 proteins was observed, in which only AO and DHAS were imported while CAT and MAS were not imported . Remarkably, in pex4 cells part of the overproduced Pex5p accumulated at the inner surface of the peroxisomal membrane (Van der Klei et al., 1998) . Consistent with the extended shuttle model (Dodt and Gould, 1996; Van der Klei and Veenhuis, 1996), we have interpreted this result in that export/ recycling of Pex5p to the cytosol is blocked in the absence of Pex4p. This also readily explains the pex4 phenotype. The failure to efficiently recycle Pex5p results in the accumulation of part of the protein inside peroxisomes and, thus, in depletion of the cytosolic Pex5p pool and, consequently, a PTS1 protein import defect. In this case, import is dependent on newly synthesized Pex5p and, obviously, overproduction of Pex5p will compensate for the defect and that is exactly what was observed for some PTS1 proteins (AO and DHAS). Apparently, CAT and MAS require additional factors to become imported and that were not overproduced. Since Pex4p is a member of the family of ubiquitinconjugating enzymes, Pex5p recycling probably involves the modification of a yet unknown protein by ubiquination.
Also the peroxins Pex1p and Pex6p, members of the AAA family of ATP-ases (see Confalonieri and Duguet 1995) , have been implicated in Pex5p recycling (Collins et al., 2000) . However, it must be noted that these proteins have been implicated in vesicle fusion processes as well (see below). Furthermore, overexpression of PEX5 in H. polymorpha pex1 and pex6 mutants does not rescue the PTS1 import deficiency (Salomons et al., 2000) . Thus, the role of these peroxins in Pex5p recycling may be an indirect one. Alternatively, these proteins have multiple functions.
So far, the evidence suggests that an extended shuttle indeed exists for PTS1 protein import into the peroxisomal matrix. Clearly, the alternative pathways that have been proposed that do not include import of Pex5p into the peroxisomal matrix have to be reconsidered in view of the recent data of Dammai and Subramani (2001) on Pex5p recycling (Erdmann et al., 1997; Hettema et al., 1999; Olsen, 1998; Subramani, 1998; Urquhart et al., 2000; . Nevertheless, additional experiments are urgently required to establish whether the human model is generally valid and also operates in yeast.
It must also be noted that Y. lipolytica seems to be the major exception to the above extended shuttle mechanism, as Szilard et al. (1995) demonstrated that in this organism Pex5p was exclusively present in the organellar matrix. These authors proposed an alternative function for Pex5p in that it pulls PTS1 proteins across the membrane into the matrix. On the basis of the location of Pex5p in other organisms, this "pulling" model does not seem to reflect a conserved Pex5p function.
Import of PTS2 Containing Matrix Proteins
In fungi, matrix proteins containing a PTS2 sequence are very rare. In baker's yeast only 3-ketoacyl CoA thiolase contains a PTS2 (Glover et al., 1994) , while in H. polymorpha amine oxidase (AMO) contains this signal also (Faber et al., 1995) . The receptor for PTS2 proteins, Pex7p, contains WD40 repeats (Elgersma et al., 1998; Marzioch et al., 1994; Zhang and Lazarow, 1995) , which bind the PTS2 signal (Elgersma et al., 1998; Rehling et al., 1996; Zhang and Lazarow, 1996) . Initially also the location of Pex7p was controversial. However, the consensus now seems to be that Pex7p is a cycling receptor also. In baker's yeast and P. pastoris, Pex7p binds Pex14p at the presumed peroxisomal docking site (Albertini et al., 1997; Johnson et al., 2001 ). For S. cerevisiae it was demonstrated that Pex7p also binds Pex13p (Girzalsky et al., 1999) , but not at its SH3 domain. These interactions have also led to the proposal that Pex7p might import matrix proteins via an extended shuttle mechanism. However, it must be noted that for Pex7p no interactions with Pex12p or Pex8p have been reported, although these genes are required for PTS2 import. In H. polymorpha, Pex4p does not seem to be required for PTS2 import, because pex4 mutants still import AMO (van der Klei et al., 1998) .
The PTS2 import route utilizes "helper proteins" to import thiolase. In Y. lipolytica the mainly cytosolic Pex20p binds thiolase (see below) and thus could make the PTS2 accessible for binding its receptor , although so far no PEX7 gene has been isolated from Y. lipolytica. Interestingly, Pex20p interacts with Pex8p suggesting that it reaches the interior of the peroxisome (Smith and Rachubinski 2001) . Also in baker's yeast, the accessory proteins Pex18p and Pex21p are required to import thiolase by binding directly to Pex7p (Purdue et al., 1998) . Thus, so far the data concerning PTS2 import are relatively scarce. Clearly additional research is needed to bring the knowledge concerning this route on a par with the PTS1 import route.
PEROXISOMAL MATRIX
PROTEIN ASSEMBLY Little is known of the mechanisms involved in the assembly of peroxisomal matrix proteins. In fact, the subcellular site at which matrix proteins assemble may vary. There is now convincing evidence that matrix proteins may be transported into the organelle in their mature form. Examples of oligomeric matrix protein import have been presented for yeast (Elgersma et al., 1996b; Glover et al., 1994; McNew and Goodman, 1994) and plant (Lee et al., 1997) . Hence, the peroxisomal import machinery can accommodate complex, folded proteins. Even import of 9-nm gold particles coated with PTS1-peptides has been reported (Walton et al., 1995) . However, this does not mean that folded-protein import is the sole scenario of matrix protein import in peroxisomes. Recently, in H. polymorpha we showed that CAT and DHAS can indeed be imported as oligomeric, active enzyme molecules (Faber et al., 2002a) . sults). Under the same conditions, AO octamers were not imported. As already noted before, AO is imported as a monomer and is assembled into the active octamer inside the organelle (Evers et al., 1996; Goodman et al., 1984; . The assembly of the protein is most likely critically dependent on the initial binding of the FAD-cofactor to the AO monomer, a process that surprisingly requires the function of pyruvate carboxylase protein (Ozimek et al., 2003) . A schematic representation of our current hypothesis of AO protein import in H. polymorpha is shown in Figure 6 . The observation that AO is imported as monomers is not unexpected for physiological reasons. AO monomers, even when they contain FAD, are enzymatically inactive (Boteva et al., 1999; Evers et al., 1996) . There is a strong need for the cell to prevent premature AO assembly/activation in the cytosol since only minor amounts of active AO in this compartment would give rise to severe energetically disadvantages due to the cytosolic metabolism of hydrogen peroxide and formaldehyde that would retard or even prevent growth on methanol (van der Klei et al., 1991) . The requirement of molecular chaperones, as the Hsp70 members in the endoplasmic reticulum (ER) and mitochondria, in peroxisomal matrix protein assembly/import is still matter of debate. Examples do exist that cytosolic Hsp70-type proteins are needed for import in in vitro experiments on mammalian (Walton et al., 1994) and plant cells (Crookes and Olsen, 1998) . Recently, Harano et al. (2001) reported that in mammalian cells Pex5p recognized its PTS1 cargo by a chaperone-mediated mechanism. Also DnaJ homologues seem to be required in both mammalian and yeast systems (Hettema et al., 1998; Terlecky et al., 1996) . However, the precise role of these cytosolic chaperones in matrix protein import in fungi remains to be elucidated.
In yeast pex mutants, the assembly of peroxisomal matrix proteins is generally not affected, but normally proceeds in the cytosol (Fig. 7) . However, few mutants have been described in which both the import and the assembly of specific enzymes is affected. These include Y. lipolytica pex20 ), a C. boidinii mutant lacking the peroxisomal membrane protein Pmp47p (Sakai et al., 1996) and an H. polymorpha pyruvate carboxylase (PYC) deficient strain (Ozimek et al., 2003) . Y. lipolytica pex20 mutants are selectively blocked in the import and assembly of thiolase. Pex20p is a cytosolic protein that forms a hetero-tetrameric complex with newly synthesized thiolase subunits. Possibly, Pex20p acts as a cytosolic chaperone assisting oligomerisation of thiolase into dimers that normally may occur prior to its import into the peroxisome . C. boidinii pmp47 mutants mislocalize inactive DHAS molecules to the cytosol. Recent experiments suggest that the role of Pmp47p, a transmembrane protein with similarity to the mitochondrial ADP/ADP carrier, is to import ATP into peroxisomes, which is required for the assembly of DHAS as well as during ␤-oxidation (Nakagawa et al., 2000; Sakai et al., 1996) . In methylotrophic yeasts, PYC is required for the import of AO, but not DHAS or CAT, into peroxisomes (Ozimek et al., 2003) . In an H. polymorpha pyc mutant, AO monomers lacking FAD accumulate in the cytosol, suggesting a role for PYC as a chaperone-like protein that keeps AO competent for FAD binding and, thus, import into peroxisomes.
CAN PEROXISOMES DEVELOP FROM THE
ENDOMEMBRANE SYSTEM? Upon their discovery, peroxisomes were thought to develop by budding from the ER (De Duve and Baudhuin, 1966) . Morphological data in yeast provided the first evidence that peroxisomes may multiply by division, a concept that was subsequently substantiated by the finding that peroxisomal proteins are synthesized on free polysomes, followed by post-translational import into peroxisomes (Lazarow and Fujiki, 1985) . In yeast, there is solid evidence that this model is true under conditions of normal peroxisome induction. For instance, we unequivocally showed that the small peroxisome present in glucose-grown cells of H. polymorpha serves as the template for AO import upon a shift of cells to methanol (Veenhuis et al., 1979) . Also, new amine oxidase-containing peroxisomes that develop upon a shift of cells from methanol/methylamine to glucose/methylamine undoubtedly derive from the organelles, originally present in the methanol/methylamine-grown cells (Veenhuis et al., 1981) . Indeed, fission of peroxisomes is frequently observed, also by fluorescent methods although the proteins involved in this process (unlike in mitochondrial fission) are not yet known.
Recently, however, data have become available that support alternative modes of peroxisome biogenesis. First, various examples of indirect evidence for a role of the endomembrane system/ER in peroxisome biogenesis were provided (reviewed by . These include, among others, data from Fig. 6 . Hypothetical function of pyruvate carboxylase (pyc) protein in alcohol oxidase (AO) import in peroxisomes. Upon AO synthesis, tetrameric pyc binds to the N-terminus to protect the FAD biding site. After the production of the mature AO molecule, FAD is bound concurrent with the binding of the FAD-containing precursor to Pex5p. In our current view, FAD binding is a prerequisite to allow binding to Pex5p. The subsequent docking and translocation events proceed as depicted in Figure 4 . After release from the PTS1 receptor, AO monomers most likely spontaneously assemble in active octamers that are spontaneously arranged in larger crystalloids in the organellar lumen. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] Salomons et al. (1997) who showed that Brefeldin A interfered with peroxisome biogenesis. Furthermore, the isolation of Pex1p (Erdmann et al., 1991) and Pex6p (Spong and Subramani, 1993; Voorn-Brouwer et al., 1993) , both AAA-ATPases that show homology to NSF and Sec18p, proteins that are known to be involved in other membrane fusion processes (Eakle et al., 1988; Wilson et al., 1989) , led to suggestions for the occurrence of membrane fusion processes in peroxisome biogenesis. Also, the Y. lipolytica glycosylated membrane proteins Pex2p and Pex16p were implicated to reach their target organelle (the peroxisome) via the ER . Furthermore, overexpressed ScPex15p was transported to ER-like membranes and became O-glycosylated (Elgersma et al., 1997) . Although many of these data pointed to a role for the ER and membrane fusion processes in peroxisome biogenesis, they had to be interpreted with care as, for instance, was exemplified by baker's yeast Pex15p. Although overproduced Pex15p was indeed in part glycosylated and localized in ER-like membranes, these membranes were later on shown to be artificial and to serve as a sink for the excessive amounts of Pex15p (Stroobants, 2001) .
More recently, Titorenko and Rachubinski (2001) have provided convincing evidence that in Y. lipolytica the development of peroxisomes involves a multi-step process that is initiated by the formation of pre-peroxisomal vesicles that are suggested to arise from a distinct sub-domain of the ER. In their model, these vesicles, termed PPV1 and PPV2, carry distinct subsets of peroxisomal membrane proteins as well as Sec13p and Sec23p, both components of the COPII coat . These pre-peroxisomal compartments are subsequently converted into the early peroxisomal precursors P1 and P2 by the uptake of additional membrane proteins and release of the COP elements and have now become competent to incorporate distinct sets of matrix proteins. P1 and P2 compartments subsequently fuse in an ATP, Pex1p, and Pex6p dependent process to generate P3 peroxisomes that can maturate into normal peroxisomes by a multistep assembly pathway (Titorenko et al., 2000) . How the P1 and P2 vesicles import and accommodate matrix proteins is completely unsolved. However, this fascinating assembly pathway is now accessible to a proteomics approach by the analysis of the various intermediates of the pathway. Undoubtedly, this will lead to the identification of yet unknown components of the matrix protein import machinery. It is relevant to stress here that the above pathway in Y. lipolytica deals with the induction of peroxisomes after a shift of cells from peroxisome repressing to peroxisome-inducing conditions. It remains, therefore, to be seen whether during prolonged cultivation of cells the "normal" pathway of growth and division becomes operative or whether peroxisomes in Y. lipolytica invariably are formed from precursors and fission does not occur in this organism. In addition, in other organisms comparable mechanisms have not been described yet. It is therefore important to analyze whether the Y. lipolytica mechanisms are also operative in other fungi. Indeed, alternative mechanisms for the growth and fission model of peroxisome division seem to exist in yeast. The first example of this was provided by Waterham et al. (1993) who described the re-introduction of peroxisomes in a conditional (Ts) pex mutant of H. polymorpha that lacked any peroxisomal remnant structures at the restrictive temperature. Later on, comparable observations were made in human cells (South and Gould, 1999) . The rapid re-assembly of peroxisomes in these cells lends support to the view that an endomembrane compartment (probably the ER) may have served as an initial template for the formation of novel peroxisomes. How these initial structures are formed remains unsolved. An obvious option is, of course, the mechanism described for Y. lipolytica. Recently, we made some observations that lend support for a role of the nuclear membrane in this process (Faber et al., 2002b ). An initial indication for this was the observation that re-introduction of the PEX3 gene in a pex3 mutant of H. polymorpha, which completely lacks peroxisomal membrane remnants, invariably led to the formation of a single small peroxisome in the vicinity of the nuclear membrane (Baerends et al., 1996) . We subsequently noticed that synthesis of a fusion protein containing the initial 50 N-terminal amino acids of Pex3p fused to GFP led to the formation of numerous small vesicles that were located at a distinct site of the nuclear membrane. These vesicles lacked peroxisomal matrix proteins but had accumulated peroxisomal membrane proteins. Upon subsequent expression of the full-length PEX3 gene, a number of these vesicles developed into normal peroxisomes (Faber et al., unpublished data) . These observations indicate that a Pex3p receptor moiety must exist at the nuclear membrane. Also, they lend support to the view that these N50-Pex3p-mediated vesicles can be considered pre-peroxisomes that cannot be transformed into normal peroxisomes due to the absence of information residing in the C-terminal part of Pex3p.
Taken together, these data indicate that peroxisome formation may follow different pathways, namely the "classical" way by growth and fission and alternative ways, using the endomembrane system as template. The latter may in particular be important in those cases where peroxisomes are damaged or lost, e.g., due to failure in peroxisome inheritance.
CONCLUDING REMARKS
In the last decade, many of the protein components involved in peroxisome biogenesis (PEX genes) have been identified and much learned about their putative function, localization, and possible interaction with other proteins. The present view is that peroxisomes are highly flexible organelles that rapidly assemble and degrade in response to metabolic needs, similar to other components of the endomembrane system as, e.g., the Golgi apparatus. In spite of these achievements, our knowledge of the molecular principles of peroxisome biogenesis and function is hardly beyond the descriptive level. Many questions remain open. For instance, the principles of the matrix protein import machinery are unsolved. This is in part due to the fact that a reliable in vitro yeast matrix protein import assay is lacking. On the other hand, essential components may still be missing. It is, therefore, essential to develop alternative strategies for mutant isolation (e.g., conditional mutants) above the general ones that are used up to know. Furthermore, biochemical methods that allow isolating functional protein complexes from the peroxisomal membrane may be of value to identify novel, essential components. At present, it is thought that the PTS1 protein import machinery comprises of a cascade of specific interactions (docking of the Pex5p/cargo complex, translocation, recycling of Pex5p) demanding one or more complexes of peroxins in consecutive steps. So far, this view remains only speculative, but novel biophysical techniques (e.g., FRET and FLIM analyses) are now available to solve various protein interactions in detail.
Another intriguing question includes the function of the peroxisomal membrane. To understand the function of the peroxisomal membrane, analysis of its transport properties and the proteins involved is needed. One major problem associated with a biochemical approach to characterize these proteins is that peroxisomal membranes are leaky in vitro, probably as a result of the purification procedures. Consequently, it is desirable to set up strategies to clone genes encoding peroxisomal proteins involved in solute transport. As mutants affected in these genes most likely do not have a pex phenotype, adapted mutant screens have to be designed or alternatively, transport proteins should be identified by alternative ways (screening of databases, purification of proteins) and their genes cloned by reverse genetics. Analysis of such proteins can subsequently be performed by conventional reconstitution procedures.
